Titley HK, Heskin-Sweezie R, Broussard DM. The bidirectionality of motor learning in the vestibulo-ocular reflex is a function of cerebellar mGluR1 receptors. J Neurophysiol 104: 3657-3666, 2010. First published October 6, 2010 doi:10.1152/jn.00664.2010. Bidirectional changes in synaptic transmission have the potential to optimize the control of movement. However, it can be difficult to establish a causal relationship between the bidirectionality of synaptic plasticity and bidirectional changes in the speed of actual movements. We asked whether metabotropic glutamate receptor 1 (mGluR1) receptors, which participate in cerebellar long-term depression (LTD), are necessary for bidirectional motor learning in the vestibulo-ocular reflex (VOR). Cerebellar LTD and long-term potentiation (LTP) are thought to cause increases and decreases, respectively, in the gain of the VOR; the direction of learning depends on the behavioral protocol. We injected either the mGluR1 agonist (S)-DHPG or the antagonist YM 298198 bilaterally into the flocculus of alert cats, and then induced motor learning. In the presence of YM 298198, the VOR gain decreased in gain-up, as well as in gain-down protocols. (S)-DHPG augmented gain-up learning. Gain-down learning was not significantly affected by either drug. These results supported the hypothesis that gain-up learning relies on cerebellar LTD, but gain-down learning relies on a different mechanism. In the absence of mGluR1 activity, cerebellar LTD may be replaced with LTP, permitting learning in only one direction.
I N T R O D U C T I O N
Bidirectional synaptic plasticity, either increasing or decreasing the efficacy of the same set of synapses, could be useful for tasks such as gaze stabilization, which require precise control and repeated adjustment throughout life. The vestibulo-ocular reflex (VOR) is important for gaze stabilization and thus for clear vision while moving. The angular velocity of the stabilizing eye movement with respect to head angular velocity ("gain" of the VOR) can be increased or decreased, repeatedly, by motor learning. In other words, the VOR appears to have reversible learning. This suggests that the effects of prior learning are completely erased by new learning in the VOR.
To eradicate the effects of prior learning, bidirectional changes at a single site would be necessary and they would bring about either pre-or postsynaptic modifications that are exact opposites. VOR motor learning is believed to depend on plasticity mechanisms located in the cerebellar flocculus (Ito 1972; Kassardjian et al. 2005; McElligott et al. 1998; Nagao and Kitazawa 2003) . The synapses between cerebellar parallel fibers (PFs) and Purkinje cells are capable of opposing, bidirectional changes, consisting of postsynaptic long-term depression (PF-LTD) (Sakurai 1987) and postsynaptic long-term potentiation (LTP) (Lev-Ram et al. 2002) .
Presynaptic forms of both have also been reported (Qiu and Knopfel 2009; Salin et al. 1996) . In the case of postsynaptic changes, the direction of the change depends on the calcium concentration in the postsynaptic neuron; increases in calcium are required for both PF-LTD and LTP, but a larger increase is required for LTD (Coesmans et al. 2004 ).
In the VOR, a learned gain increase (gain-up learning) is thought to result from PF-LTD. Expression of a protein kinase C inhibitor in Purkinje cells causes deficits both in PF-LTD and in VOR motor learning (de Zeeuw et al. 1998) . The role of metabotropic glutamate receptor 1 (mGluR1) receptors in PF-LTD is well established (Kano et al. 2008) . Also, mutant mice lacking mGluR1 have some impairment of learning in both the eyeblink and optokinetic systems (Aiba et al. 1994; Shutoh et al. 2002) . Surprisingly, however, there is no direct evidence that mGluR1 contributes to motor learning in the VOR.
During PF-LTD, activation of mGluR1 receptors in vitro causes a large calcium influx into Purkinje cells (Tempia et al. 2001) . Cytosolic calcium may be higher during LTD than during LTP (Coesmans et al. 2004) . As expected, PF-LTP does not require mGluR1 (Belmeguenai et al. 2008) . In fact, blocking mGluR1 receptors in cerebellar slices brings about LTP, triggered by the LTD protocol (Hartell 1994) . This suggests the possibility that if mGluR1 is blocked, VOR motor learning might lose its bidirectional capability and become unidirectional. Our present results bear out this suggestion.
M E T H O D S
Six cats, aged 8 -27 mo, were used in the current study. The test substances were administered to five cats (S, V, B, C, and E). Analysis of the effects of repeated trials included three additional cats (R, T, and A); some of these data were from previously published studies. Our methods were reviewed and approved by the Animal Care Committee of the University Health Network. The guidelines of the Canadian Council of Animal Care were followed throughout the study.
Preparation
Cats were conditioned using a food reward to accept restraint in a loose drawstring bag. Under isoflurane anesthesia, a cylindrical steel headholder was attached to the skull using fixation plates, cortical screws, and dental acrylic. Buprenorphine, supplemented with either ketoprofen or meloxicam, was given for postoperative analgesia. At least 4 days of postoperative recovery were followed by training to accept head fixation. Then, bilateral guide cylinders (FHC, Bowdoinham, ME) were stereotaxically implanted under isoflurane anesthesia. The cylinders were tilted back from vertical at a 40°angle and aimed at each flocculus. The coordinates of the target were 9 mm lateral and 1.7 mm caudal to ear bar zero. To prevent infection, cylinders were rinsed with dilute H 2 O 2 in saline 5ϫ/wk and filled with a solution of cefazolin in saline. Cylinders were also flushed 3ϫ/wk with 5-fluorouracil (25 mg/ml) to inhibit scarring. After Ն2 wk of recovery, a search coil was implanted in one eye and wired to a connector that was also cemented to the fixation plates.
VOR measurements
Starting Ն2 wk after implantation of the eye coil, eye position was monitored using a magnetic phase-detection system with 17-in. field coils (CNC Engineering). Cats were rotated around an earth-vertical axis using a velocity-servo turntable (Neurokinetics). We measured the gain of the VOR in complete darkness, during sinusoidal rotation at 0.2, 0.5, 2, or 8 Hz, with a peak velocity of 10°/s. During rotation the cat's head was pitched 22°nose-down from the stereotaxic position to maximize the contribution of the horizontal semicircular canals to the VOR.
Horizontal and vertical eye position signals and horizontal turntable (head) velocity were sampled at 4 kHz using data acquisition hardware and software (LabVIEW; National Instruments, Austin, TX). Signals were digitally low-pass filtered with a roll-off at 55 Hz. The horizontal and vertical components of eye velocity were calculated using a five-point differentiation algorithm written in LabVIEW.
Drug injections into the flocculi
In an earlier study, injections of the glutamate antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) into the flocculus abolished recent motor memory (Kassardjian et al. 2005) . We located similar injection sites using the implanted guide cylinders. A grid was fitted inside the guide cylinder and each flocculus was mapped once using microstimulation. The cylinders were filled with 1-2% lidocaine for Ն20 min and rinsed with saline before inserting a bipolar concentric stimulating electrode (Rhodes Biomedical). Trains of 100 biphasic current pulses at 200 Hz and 10-100 A were delivered. For each flocculus we chose the site at which stimulation produced the largest horizontal smooth eye movements.
For drug injections, following the lidocaine treatment, a Hamilton syringe was attached to an electrode carrier (David Kopf). The tip of the 24-gauge needle was advanced slowly to the depth of the chosen injection site and 1 l of the test substance was pressure injected at a rate of 1 l/min. The procedure was done in the left and then the right flocculus. Each injection contained either the potent, selective mGluR1 antagonist 6-amino-N-cyclohexyl-3-methylthiazolo[3,2-a]benzimidazole-2-carboxamide hydrochloride (YM 298198, 50 M) dissolved in phosphate-buffered saline (PBS), the selective type I mGluR agonist (S)-3,5-dihydroxyphenylglycine hydrate [(S)-DHPG, 1 M] or PBS alone. These concentrations were several times greater than those known to be effective in the slice (for YM 298198; Fukunaga et al. 2007) or for intraventricular injection [for (S)-DHPG; Zalewska-Winska and Wisniewski 2000]. We increased the concentrations to compensate for dispersal of the substances by diffusion in the brain tissue. Control injections of PBS alone had volumes of either 1 or 5 l (Table 1 ). After allowing 3 min for diffusion, the needle was withdrawn slowly. The minimum time between the end of the second injection (in the right flocculus) and the postinjection VOR measurement was 5 min.
Learning protocols
Learning was induced by having the cat wear ϫ0.25 miniaturizing (for gain-down) or ϫ2 magnifying (for gain-up) telescopes over each eye (Designs for Vision), set in opaque frames that were closely fitted to the cat's head. The learning period consisted of 60 min of sum-ofsines (SOS) rotation in the light while wearing telescopes, alternating between two combinations: {0.5, 2, and 8 Hz} and {0.2, 1, and 5 Hz}. The peak velocity of each frequency component was 10°/s. The telescopes were removed while the VOR gain was measured.
After the initial measurement of VOR gain, we injected the test substance into both flocculi and made another measurement of VOR gain 5 min later. The cats were then subjected to the learning protocol. Gain was measured after 30 and 60 min of learning. The learned change in gain at each point was calculated as follows: [(G Ϫ G postinj )/G base ] ϫ 100, where G is the VOR gain at the measurement point, G postinj is the gain measured after the drug injection but before the start of learning, and G base is the baseline gain (before the injection). At the end of each learning protocol, the cat was rotated in the light without telescopes for 30 min.
Repeated trials
Repetitions of the learning protocols were carried out in each cat as summarized in Table 1 . Gain-up learning, gain-down learning, and controls without telescopes were interspersed and the injected substances were also interspersed in a pseudorandom fashion. Learning trials were separated by Ն6 days. Earlier studies have shown that in mice, gain-down learning is not easily reversed by gain-up learning that takes place within a few hours (Boyden and Raymond 2003) . Our preliminary experiments on naïve cats (data not shown) yielded similar results. We therefore considered the possibility that gain decreases might accumulate over trials. We analyzed data from seven cats, both from the present study and from previous studies, that experienced multiple, interleaved gain-up and gain-down experiments. The results, analyzed separately for cats that received no injections and for cats that had floccular injections, are summarized in Fig. 1 . We found no significant change in the starting VOR gain over multiple trials (Fig.  1, A and B) . This outcome was the same in cats that received no drugs during the relevant time period (median intertrial interval: 7 days) and in cats that received the test substances (median interval: 7 days). Cat V was omitted from this analysis because it received ␥-aminobutyric acid (GABA) antagonists in a few trials; however, the results in cat V were similar to those shown in Fig. 1 . Figure 1 , C and D illustrate the amount learned, in gain-up trials with PBS injection, as a function of trial number for the same cats. Although a decreasing trend was present, the correlation was not significant.
The VOR and cancellation
Although the VOR does not require floccular circuitry to function, cancellation of the VOR is thought to depend on cerebellar regions that include the flocculus (Rambold et al. 2002) . To evaluate any effects of our injections on these gaze-stabilizing mechanisms, we used a VOR cancellation paradigm in a separate set of experiments where no telescopes were worn. Cancellation of the VOR was measured during rotation at 0.2 Hz using a high-contrast pattern of vertical lines, encompassing the entire visual field, that rotated with the cat. We monitored the VOR in darkness and VOR cancellation over time, in a protocol of the same duration as of the learning experiments. This protocol followed injections of either YM 298198, (S)-DHPG, or PBS alone. Either the pattern was illuminated or the cat was in complete darkness during the SOS rotation (see Fig. 3 for the sample sizes for each condition). VOR gain was measured in darkness during rotation at 0.2, 0.5, 2, and 8 Hz, followed by rotation in the light at 0.2 Hz with the cancellation pattern.
Analgesia and PBS injections had no effect
Most cats appeared to be unaffected by the passage of the injection needle through the dura after lidocaine was given. However, cat V was sensitive to the needle. In cat V, we therefore administered butorphanol, The comparisons showed significant effects of both drugs on gain-up learning at all test frequencies, but no effects on the VOR before learning. The first column indicates what factor was tested and the second column indicates what sample was used in the comparison. The boldface type highlights significance at P Ͻ 0.05. Prelearning: The gain of the VOR after drug injection but before learning is compared with the gain after injecting PBS alone. Learned changes: Pre-and postlearning gains are compared to verify that learning caused a significant change. Drug effect on final gain: Postlearning gains are compared among drug groups. Drug effect on % change: The learned percentage change in gain is compared among drug groups. Test frequency: The postlearning gains are compared among frequencies. A: baseline gain did not change in cats R, T, and A, during studies that did not involve test substances (Titley et al. 2007 ). Trials were separated by Ն2 days (median interval: 7 days). The baseline VOR gain, normalized to the average value for each cat, is plotted as a function of the number of trials experienced by that cat. B: baseline gain also did not change in the current study for cats S, B, and C. In B, trials that involved learning were separated by Ն6 days (median interval: 7 days). C and D: the amount of learning in the gain-up trials did not show consistent changes in either group of cats. In D, the gain-up trials excluded those in which drugs were injected.
an opioid analgesic, 0.2 mg/kg (administered subcutaneously) 30 min before each experiment for comfort. To evaluate the effects of butorphanol, which was always necessary for injections in cat V, we compared 1) learning where no injection was given, 2) learning in experiments where PBS was injected, but no butorphanol given, and 3) learning in experiments where PBS was injected and butorphanol was also administered. The data were from cats R, S, T, V, A, B, C, and E for no injection; S, B, and C for PBS without butorphanol; and V and C for PBS with butorphanol. Some of these data were from previously published studies (Titley et al. 2007 . We found no effect, either of butorphanol or of PBS injection, on the amount of learning (data not shown).
Data analysis
For rotation at 2 and 8 Hz, Ն10 cycles of rotation at each frequency were averaged, rejecting any cycles that contained saccades. For 0.2 and 0.5 Hz, any saccades or quick phases were removed before averaging. The eye velocity trace was shifted in time to compensate for any phase lag and mean eye velocity was plotted against head velocity (for example, see Figs. 4 -6). The phase angle was recorded as the amount of shift required to achieve a linear fit. The slopes of the lines of best fit to the leftward and rightward half-cycles of rotation were averaged to obtain the VOR gain. Gain was normalized by dividing each value by the mean prelearning value for the individual cat. The percentage of VOR cancellation was calculated as [(G vor Ϫ G canc )/G vor ] ϫ 100, where G vor is the VOR gain in darkness and G canc is the gain during the cancellation protocol during the same period (the measurements were interspersed).
A mixed-model repeated-measures ANOVA was performed to look for effects of time (over the learning period), test frequency, and test substance ("treatment group"), where "treatment group" refers to groups of trials, not groups of subjects, since the subjects in this study were tested with at least two substances apiece (see Table 1 ). We also used a repeated-measures ANOVA to compare the percentage cancellation of the VOR among treatment groups. A Bonferroni correction was used for multiple comparisons and the Greenhouse-Geisser sphericity correction was used when variances were unequal. Because we found significant interactions between the factors, we also used post hoc paired Student's t-tests to compare pre-and postlearning gains within each treatment group and unpaired t-tests to compare the postlearning gain and the learned changes between treatment groups at each frequency. Finally, we compared the amounts learned at different frequencies using paired t-tests. The statistical outcomes are summarized in the text and the results of the t-tests are given in Table 2 .
Histological confirmation of injection sites
After the final experiments in cats S, V, B, and C, 1-l injections of neutral red (2% in PBS) were used to mark the drug-injection sites. Under deep pentobarbital anesthesia (Ն120 mg/kg), the cat was perfused intracardially with 1 L saline followed by 1 L 10% buffered formalin. After 7 days the brain was removed and cryoprotected and serial sections (50 m) of the lateral cerebellum were mounted and stained using cresyl violet.
R E S U L T S Figure 2 shows the injection sites for four of the cats. Injection sites were reproducibly located in the cerebellar flocculus. We verified that our injections did not affect normal signal processing by the flocculus. The flocculus is known to take part in immediate enhancement and suppression, or cancellation, of the VOR (Kassardjian et al. 2005; Rambold et al. 2002) . Accordingly, we looked for effects of the group 1 agonist (S)-DHPG and the mGluR1 antagonist YM 298198, injected into the flocculus, both on the gain of the VOR in darkness and on the subject's ability to cancel the VOR using a full-field visual pattern. The results are shown in Fig. 3 . We found no effect of either (S)-DHPG or YM 298198 on VOR gain or on cancellation of the VOR. During the learning protocols, we tested again for direct effects on the VOR by comparing the VOR gain before and after injection of the test substance (before the start of the learning period). Neither YM 298198 nor (S)-DHPG had any significant effect on the VOR before learning (Table 2; Figs. 4 -6). Overall, these results did not suggest any role of the mGluR1 receptor in normal signal processing by the flocculus. 
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An mGluR1 antagonist inverted gain-up learning
In contrast to the lack of any effect on the VOR, the effects of the test substances on learning were striking. In the gain-up protocol, the mGluR1 antagonist YM 298198 (50 M, 1 l) changed the direction of learning. Figure 4A shows examples of the VOR at 2 Hz before and after the gain-up protocol. During the VOR, eye velocity was a linear function of head velocity at all three test frequencies (0.5, 2, and 8 Hz), regardless of the test substance (Fig. 4, B-D) . However, the slopes of these functions (i.e., the gain of the VOR) depended on the treatment group when measured after the learning period. The changes during the learning period were consistent within each treatment group and were consistently in the wrong direction in the presence of YM 298198. A repeated-measures ANOVA for the gain-up learning period showed significant effects of time [F(2,28) ϭ 40.5, P Ͻ 0.001] and treatment group [F(2,14) ϭ 13.6, P Ͻ 0.001] on the VOR gain and a significant interaction between time and treatment group [F(4,28) ϭ 68.7, P Ͻ 0.001]. Figure 4 , E-G illustrates the time course of VOR gain during the gain-up protocol. At all frequencies, the VOR gain increased throughout the learning period in PBS, but decreased throughout the learning period in YM 298198.
The statistical outcomes were confirmed by post hoc comparisons. After injection of PBS alone, the increase in gain during the learning period was significant at all three frequencies (P Ͻ 0.01, Student's t-test). When compared with experiments in which no substance was injected, PBS alone had no effect on learning (P Ͼ 0.05, Student's t-test). In trials where YM 298198 was injected, the gain of the VOR showed a significant decrease after gain-up learning at all three frequencies (P Ͻ 0.02, Student's t-test). The YM 298198 and PBS outcomes, both for postlearning gain and for the amount learned, were significantly different at all frequencies (P Ͻ 0.01, Student's t-test). The gain decrease during gain-up learning was not an effect of habituation. Rotation in darkness without lenses had no effect on the VOR gain; this was confirmed statistically by comparing the change in gain during gain-up learning following YM 298198 with rotation in darkness (P Ͻ 0.02 for all frequencies, Student's t-test). The results of the t-tests are given in more detail in Table 2 .
(S)-DHPG slightly increased gain-up learning
The mGluR group I agonist (S)-DHPG (1 M, 1 l) appeared to improve gain-up learning, but the effect was relatively small (Fig. 5) . Typical averaged VOR responses at each frequency, before and after learning, are illustrated. The VOR responses were linear in all cases. After injection of (S)-DHPG followed by 60 min of rotation, the learned increase in gain was significantly greater than that with PBS (P Ͻ 0.02 for all frequencies, Student's t-test).
Learned gain decreases were not affected
During gain-down learning, the gain of the VOR decreased in all conditions. The results for gain-down learning are summarized in Fig. 6 . Although both in (S)-DHPG and in YM 298198 the average gain decrease was slightly reduced, this was not a consistent effect. A repeated-measures ANOVA during the gain-down learning period showed a significant effect of time [F(2,24) ϭ 203.6, P Ͻ 0.001] but no effect of treatment group [F(2,12) ϭ 1.69, P Ͼ 0.05]. The results of t-tests comparing the treatment groups were also not significant (see Table 2 ).
Changes in VOR dynamics
Both for gain-up and for gain-down learning, the ANOVA revealed a significant effect of test frequency [F(2,28) ϭ 16.5, P Ͻ 0.001 for gain-up; F(1.4,16. 3) ϭ 6.82, P Ͻ 0.02 for gain-down]. In both protocols, there was also a highly significant interaction between frequency and time [gain-up: F(2.3,32.0 22.6, P Ͻ 0.001]. This interaction reflected a change in the dynamics of the VOR associated with learning that is summarized in Fig. 7 . When the learned change in VOR gain was in the "correct" direction, as it was in PBS and in (S)-DHPG, the amount learned was frequency dependent and was greatest at 0.5 Hz, the lowest frequency tested (Fig. 7, A and B) . The difference between the amount learned at 0.5 and 8 Hz was significant both in PBS (P Ͻ 0.05, paired Student's t-test) and in (S)-DHPG (P Ͻ 0.001, paired Student's t-test). Notably, however, the frequency dependence as well as the direction of gain-up learning was altered by blocking the mGluR1 receptor (Fig. 7, A and B) . The ANOVA showed a significant interaction between frequency and treatment group [F(4,28) ϭ 5.5, P Ͻ 0.002]. In YM 298198, the gain decrease in the gain-up protocol was greater at 8 Hz than that at 0.5 Hz (Fig. 7A) . The difference between test frequencies was highly significant (P Ͻ 0.01, paired Student's t-test comparing 0.5 and 8 Hz). Together, our results indicate that blocking the mGluR1 receptor caused a misdirected change in VOR gain with a reversed frequency dependence.
In the gain-down protocol, learning was always in the correct direction and the amount learned consistently decreased with increasing test frequency (Fig. 7B) . The difference between the amount learned at 0.5 and 8 Hz was significant for all test substances (P Ͻ 0.05, paired Student's t-test).
The phase angle between eye and head velocities during the VOR showed small changes associated with learning that are summarized in Fig. 7 , C and D. An ANOVA revealed a significant effect of time on phase for both learning protocols [gain-up: F(2,28) ϭ 4.0, P Ͻ 0.05; gain-down: F(2,24) ϭ 6.65, P Ͻ 0.005]. During gain-down learning there was also a significant interaction between frequency and time [F(4,48) ϭ 3.81, P Ͻ 0.01]. The plots in Fig. 7 illustrate a slight but significant phase lead of the eye with respect to the head following gain-up learning and a significant phase lag following gain-down learning, for some conditions but not for others. The ANOVA showed no significant effect of treatment group on the phase angle during gain-up or gain-down learning.
D I S C U S S I O N

The flocculus is the site of memory encoding
Our present results support earlier claims that the floccular cortex is the initial site of memory formation in the VOR (Ito 1972; Kassardjian et al. 2005; McElligott et al. 1998; Nagao and Kitazawa 2003) . Parallel fiber-LTD in the cerebellar flocculus is thought to be required for gain-up learning . Similarly, PF-LTP is a possible mechanism for gain-down learning (Boyden and Raymond 2003) . In slices, PF-LTD requires action potentials both in PFs and in climbing fibers (Sakurai 1987) . The largest source of input to floccular PFs is from the vestibular nuclei, which are heavily interconnected with the flocculus. The vestibular nuclei also have an established role in long-term storage of VOR memory (Lisberger et al. 1994) .
mGluR1 receptors are necessary for gain-up learning
The contribution of the mGluR1 receptor to some types of learning and plasticity has been studied using knockout mice. Knockouts are deficient in PF-LTD (Aiba et al. 1994) , conditioned eyeblinks (Aiba et al. 1994) , and optokinetic learning (Shutoh et al. 2002) . Our observations indicate that mGluR1 receptors in the cerebellar cortex participate in learning in the VOR system. The protocol for gain-up learning induces vestibular and climbing-fiber signals that nearly coincide, with a short delay (Raymond and Lisberger 1998) . The brief delay is believed to maximize intracellular calcium in the Purkinje cell (Wang et al. 2000) . Activation of second-messenger pathways via mGluR1 and release of calcium from intracellular stores are thought to be important for the detection of coincident climbing-fiber (CF) and PF inputs to PC spines (Kano et al. 2008; Wang et al. 2000) . mGluR1 receptors are present at both CF and PF synapses (Nusser et al. 1994 ) and may be activated by both types of input. Voltage-gated calcium channels also contribute to the calcium transient (Konnerth et al. 1992) . In sum, the mechanism for inducing LTD in the flocculus depends on the near-coincidence of particular vestibular and visual signals, such as those encoding head velocity and retinal slip.
Gain-up learning may require higher calcium levels
Our results suggest that mGluR1 activity in the cerebellar cortex is required for gain-up learning, but not gain-down learning. Deletion or inactivation of mGluR1 in Purkinje cells significantly impairs PF-LTD (Ichise et al. 2000; Shigemoto et al. 1994) . Activation of mGluR1 receptors in vitro causes a large calcium influx through the plasma membrane (Tempia et al. 2001) , which may be necessary for the induction of PF-LTD (Coesmans et al. 2004) . The selective impairment of gain-up learning in our study may reflect a limitation on intracellular calcium imposed by the mGluR1 antagonist. As a result, calcium may not reach the level necessary for PF-LTD. At present, however, this interpretation is speculative and additional work will be necessary to confirm that YM 298198 is an effective agent for the prevention of LTD.
In contrast to PF-LTD, PF-LTP can result from PF inputs alone (Lev-Ram et al. 2002; Salin et al. 1996) . It is thought that postsynaptic PF-LTP does not require mGluR1 activation (Belmeguenai et al. 2008) . Our observation that the mGluR1 agonist and antagonist had no effect on learned gain decreases is consistent with the hypothesis that PF-LTP is responsible for gain-down learning.
In addition to distinct mechanisms for PF-LTD and PF-LTP there may also be common mechanisms involved in both LTP and LTD; our data do not discount this idea. One example is diffusion of nitric oxide (NO) (Lev-Ram et al. 2002) , which may be involved in both gain-up and gain-down learning (Li et al. 1995; Nagao and Ito 1991) , although this idea remains controversial (Coesmans et al. 2004 ).
The bidirectionality of learning has specific requirements
We found that the mGluR1 antagonist inverted learning in the gain-up protocol. This result indicates that the bidirectional capacity of learning requires particular conditions that were disrupted in our experiment. Our observations are consistent with the results of slice experiments. Blocking mGluR1 receptors in cerebellar slices not only prevents the induction of PF-LTD, but causes LTP, triggered by the LTD protocol (Hartell 1994) . Similar inversions of plasticity can also be brought about by interference with downstream mechanisms (Belmeguenai and Hansel 2005; Sakurai 1990; van Woerden et al. 2009 ). A possible explanation of inverted learning is that the direction of motor learning is determined by a "calcium switch," involving two thresholds for calcium concentration. The lower threshold enables postsynaptic LTP, whereas the higher threshold enables LTD (Coesmans et al. 2004; Jorntell and Hansel 2006) . This means that reaching the lower threshold should enable gain-down learning, but not gain-up learning. In our experiments, blocking mGluR1 with YM 298198 during the gain-up protocol could have interfered with intracellular release of calcium, preventing LTD, but not preventing LTP. The downstream cellular mechanisms that counteract PF-LTD, under the control of calcium, actually seem to promote PF-LTP (Jorntell and Hansel 2006) . By a similar argument, the augmented gain-up learning that we measured using the agonist (S)-DHPG could have been due to supernormal calcium levels. Notably, (S)-DHPG is selective for group I mGluR receptors, which include mGluR1 and mGluR5. mGluR5 is expressed in Golgi cells but not in Purkinje cells (Neki et al. 1996) . It thus seems likely that mGluR1 is responsible for the augmented gain increase in our experiment. However, a role for mGluR5 in our results cannot currently be ruled out.
The frequency selectivity of learning
During both gain-up and gain-down learning, the amount learned was frequency dependent and was greatest at lower frequencies of rotation. This result is in agreement with previous studies (Broussard et al. 1999; Kimpo et al. 2005; Raymond and Lisberger 1996; ). Learned gain decreases have a broad pattern of generalization across frequencies, whereas gain increases have sharper tuning (Kimpo et al. 2005) . In the present study, the inverted learning caused by the mGluR1 antagonist showed inverted frequency dependence. We do not know the reason for this change in frequency selectivity, although it is possible that 0.5-and 8-Hz responses are distributed differently within the floccular cortex, as suggested by Dean and colleagues (2010). If so, 0.5 Hz might have a larger region of representation than 8 Hz. It is also likely that LTP and LTD both occur at the same time in our experiments, but at different synapses, and that the overall balance of the two processes determines the direction of learning. If these assumptions are correct, our results for inverted gain-up learning can be explained by the variation in the drug's concentration within the flocculus. The higher concentration near the injection site would result in a predominance of LTP nearer the injection site and LTD farther from it. Then at 8 Hz, LTP could predominate completely (if our injection is optimally located), resulting in a large gain decrease; at 0.5 Hz, the two processes would be more nearly balanced and the gain decrease smaller as a result. At this point, our interpretation is purely speculative; further investigation is needed to clarify this issue.
Conclusion
We conclude that bidirectional motor learning, like bidirectional synaptic plasticity, requires the activation of mGluR1 in the cerebellar cortex. In the absence of mGluR1 activity, learning becomes unidirectional. This may be a consequence of distinct calcium thresholds for postsynaptic PF-LTD and PF-LTP. 
